A novel all-solid-state, hybrid solar cell based on organic-inorganic metal halide perovskite (CH 3 NH 3 PbX 3 ) materials has attracted great attention from the researchers all over the world and is considered to be one of the top 10 scientific breakthroughs in 2013. The perovskite materials can be used not only as light-absorbing layer, but also as an electron/hole transport layer due to the advantages of its high extinction coefficient, high charge mobility, long carrier lifetime, and long carrier diffusion distance. The photoelectric power conversion efficiency of the perovskite solar cells has increased from 3.8% in 2009 to 22.1% in 2016, making perovskite solar cells the best potential candidate for the new generation of solar cells to replace traditional silicon solar cells in the future. In this paper, we introduce the development and mechanism of perovskite solar cells, describe the specific function of each layer, and focus on the improvement in the function of such layers and its influence on the cell performance. Next, the synthesis methods of the perovskite light-absorbing layer and the performance characteristics are discussed. Finally, the challenges and prospects for the development of perovskite solar cells are also briefly presented.
Introduction
With increasing global energy consumption and environmental pollution, traditional fossil energy sources cannot meet the sustainable development of human society. The utilisation of clean, renewable energy sources has become a prerequisite for the development of human society. Among a variety of new energy technologies, solar power is undoubtedly one of the most promising technologies. A solar cell is a device that converts light energy directly into electrical energy via photovoltaic effects or photochemical reactions. In 1839, the French physicist Becquerel discovered the photovoltaic effect for the first time. In 1876, British scientists Adams et al. found that a selenium semiconductor could produce electricity when it was radiated under sunlight [1] . In 1883, Fritts successfully prepared the first semiconductor/metal junction solar cell with a piece of germanium coated with a thin layer of gold although the efficiency was only ∼1%. In 1954, Pearson et al. from US Bell Labs developed the first piece of crystalline silicon solar cell and achieved a conversion efficiency of 4.5%, thus beginning a new era for the utilisation of solar power [2] . The monocrystalline silicon/polycrystalline silicon solar cells currently employed in industrial applications have achieved a photovoltaic conversion efficiency of more than 20% [3, 4] . However, such silicon-based solar cells are characterised by a high cost, harsh preparation conditions, and serious environmental pollution. Cadmium telluride and copper indium gallium selenium thin-film solar cells have achieved a high efficiency of photovoltaic conversion in the laboratory, but the industrial applications are restricted by the high production cost, environmental pollution, and other problems [5] . In recent years, dye-sensitized solar cells, as the representative of the third-generation solar cells, have achieved a photoelectric conversion efficiency of more than 13% in the laboratory and have developed rapidly due to their significant advantages, including low cost, simple process, and high efficiency [4] . However, dye-sensitized cells still have two disadvantages. Firstly, in order to ensure the full absorption of sunlight's energy, the absorbing layer is thick (>10 m) because it is difficult to achieve complete light absorption using a thinner absorbing layer in the solid-state cells [6, 7] . Secondly, organic dyes cannot avoid the phenomenon of light bleaching. These two problems have prompted researchers to develop excellent all-solid dye materials. In 2009, Japanese scientists Kojima et al. found that the organic metal halide perovskite was similar to dyes and can absorb sunlight. The perovskite can be applied in the dyesensitized solar cells with a liquid electrolyte as a sensitizer to achieve power conversion efficiency (PCE) of 3.8% [8] . In 2012, Kim et al. reported all-solid-state perovskite solar cells with a PCE of 9.7% for the first time [9] . Because of the high efficiency and low cost, perovskite solar cells have attracted extensive attention from researchers worldwide and have developed rapidly in recent years. So far, the highest conversion efficiency has been 22.1% in 2016, which was certified by the National Renewable Energy Laboratory (NREL) [10, 11] . Further improvements in the performance of perovskite solar cells are expected to break the bottleneck of conversion efficiency and production cost. As one of the most promising novel photovoltaic cells, perovskite solar cells are of great scientific value and practical significance. Figure 1 shows the rapid increase in the number of publications regarding perovskite solar cells and the best efficiencies certified by the NREL.
This paper summarizes the advances in perovskite solar cells and details the structures and working principle of perovskite solar cells, the specific function and characteristics of each layer, and the preparation methods of perovskite light-absorbing layers. Finally, we outline the future research directions based on the reported results.
Structures and Working Principle of
Perovskite Solar Cells Figure 2 : Typical perovskite cubic lattice structure. Reprinted from [12] .
Perovskite materials used in solar cells are a kind of organicinorganic metal halide compound with the perovskite structure, in which Group A (methylammonium, CH 3 NH 3 + , MA + , or formamidinium, CH(NH 2 ) 2 + , FA + ) is located in the vertex of the face-centred cubic lattice, and the metal cation B (Pb 2+ , Sn 2+ , etc.) and halogen anion X (Cl − , Br − , or I − , or a coexistence of several halogens) occupy the core and apex of the octahedra, respectively. The metal-halogen octahedra are joined together to form a stable three-dimensional network structure. The crystal structure is shown in Figure 2 .
The materials with such a structure have the following four features. Firstly, the materials possess excellent photoelectric properties, lower exciton binding energy, and high optical absorption coefficients (up to 10 4 cm −1 ) [13] . Secondly, perovskite as the light-absorbing layer can absorb solar energy efficiently [14] . Thirdly, the materials possess a large dielectric constant and electrons and holes can be effectively transmitted and collected [15] . Lastly, electrons and holes can be transmitted simultaneously and the transmission distance is up to 100 nm or more and even more than 1 m [16] [17] [18] [19] .
These features lead to a high open-circuit voltage ( oc ) and a short-circuit current density ( sc ) if the materials are employed in solar cell devices. During exposure to sunlight, Journal of Nanomaterials the perovskite layer firstly absorbs photons to produce excitons (electron-hole pairs). Due to the difference in the exciton binding energy of the perovskite materials, these excitons can form free carriers (free electrons and holes) to generate a current or can recombine into excitons. Due to the low carrier recombination probabilities of CH 3 NH 3 PbI 3 (MAPbI 3 ) and other perovskite materials and the higher carrier mobility, the diffusion distance and lifetime of the carrier are long. For example, the carrier diffusion distance is at least 100 nm for MAPbI 3 and longer than 1 m for MAPbI 3− Cl [16, 17] . The longer diffusion distance and lifetime of carriers are the source of the superior performance of perovskite solar cells. Then, these free electrons and holes are collected by an electron transport material (ETM) and a hole transport material (HTM). Electrons are transferred from the perovskite material to TiO 2 , which is used for the ETM layers and finally collected by FTO. At the same time, the holes are transferred to the HTM layer and collected by the metal electrode. Finally, the FTO and metal electrode are connected and the photocurrent is generated in the outer circuit.
Marchioro et al. believed that the electron-hole pairs separated at the two heterojunction interfaces of TiO 2 /perovskite and Spiro-OMeTAD/perovskite, followed by electrons injecting into TiO 2 (process (i) in Figure 3 ) and holes injecting into HTM (process (ii)) to achieve charges transport [20] . At the same time, a series of behaviours that are detrimental to the cell's performance, such as exciton annihilation (process (iii)), photoluminescence, or nonradiative recombination, as well as reverse transmission of electrons and holes (process (iv) and (v)) and recombination at the TiO 2 /HTM interface (process (vi)) will also occur. The transport processes of electrons and holes in a HTM/perovskite/TiO 2 cell are shown in Figure 3 .
In recent years, various structures of perovskite solar cells have been developed, including the mesoporous structure and the planar heterostructure. Figure 4 shows the structures of two typical perovskite solar cells: the mesoscopic architecture and the planar heterojunction structure. The characteristics and research progress of these two kinds of cell structures are described below.
Mesoporous Structure.
Mesoporous materials have been extensively studied and widely applied because of their high porosity and large specific surface area (up to 1000 m 2 /g). The application of mesoporous materials in perovskite solar cells allows the perovskite absorber to adhere to the mesoporous metal oxide framework for the purposes of increasing the light-receiving area of the photosensitive material and improving the efficiency of the device. As shown in Figure 4(a) , a typical mesoporous solar cell consists of a FTO electrode, a dense electron transport layer, a mesoporous oxide layer, a perovskite layer, a hole transport layer, and an electrode layer. TiO 2 is the most typical mesoporous framework material, which allows the perovskite nanocrystals to penetrate into the pores of mesoporous TiO 2 by solution spin-coating and forms an interconnected absorbing layer. In this structure, TiO 2 not only plays a supporting role but also has significant functional roles, such as transporting electrons, blocking holes, and inhibiting the recombination of the electron-hole pairs in the FTO conductive substrate, which contributes to improving the photoelectric conversion efficiency of the device. In addition to TiO 2 , the commonly used frame materials include mesoscopic metal oxides, such as ZnO, Al 2 O 3 , and ZrO 2 . The hole transport layer is used to receive holes generated in the perovskite absorbing layer and transport them to the surface of the metal electrode. The most commonly used hole transport material is Spiro-OMeTAD (2,2 ,7,7 -Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9 -spirobifluorene). Commonly used counterelectrode materials are noble metals, such as Au, Ag, and Pt. This kind of structure can not only effectively reduce the recombination probability of electrons and holes but also provide the required diffusion length for the effective collection of electrons and holes [21] . Kim et al. and Burschka et al. reported the all-solid-state MAPbI 3 solar cells based on the mesoscopic structure of porous nano-TiO 2 . The filling factors (FF) were 0.62 and 0.73 and the PCEs were 9.7% and 15.0%, respectively [9, 22] . The significant improvement is mainly attributable to the highquality perovskite films prepared by the two-step solutiondeposition method. Burschka et al. believed that the conversion occurs within the nanoporous host as soon as the two components (MAI and PbI 2 ) come into contact, permitting much better control over the perovskite morphology [22] . Yang Unlike TiO 2 , Al 2 O 3 acts only as a support layer in the device and does not play similar functional roles as that of TiO 2 for photoanode electron transport. Therefore, the connection between the Al 2 O 3 particles becomes less important, thereby avoiding high-temperature sintering. The electrons generated in perovskite light-absorbing materials by light irradiation are not injected into the conduction band of Al 2 O 3 but directly transported from the perovskite itself to the FTO conductive layer. In 2012, Lee et al. 's group prepared MAPbI 3 perovskite solar cells with Al 2 O 3 as the support material to obtain a oc of 980 mV, a FF of 0.63, and a PCE of 10.9% [24] . After optimizing the process conditions, the conversion efficiency of the device increased to 12.3% [25] . In order to further improve the PCE of the devices utilising Al 2 O 3 , the Au@SiO 2 nanoparticles with a coreshell structure were doped into the Al 2 O 3 layer to reduce the exciton binding energy, thus increasing the photoelectric conversion efficiency to 11.4% [26] . Like Al 2 O 3 , ZrO 2 , and SiO 2 can also be used as the insulating support layer. The solar cells using MAPbI 3 loaded with ZrO 2 nanoparticles have oc of 1070 mV and a PCE of 10.8% [27] . Hwang et al. compared a series of perovskite solar cells with differently sized SiO 2 nanoparticles (15-100 nm) as the support layer and revealed that when the size of SiO 2 nanoparticles was 50 nm, the PCE was 11.45%, which was slightly higher than the PCE (10.29%) of the devices with the same-sized TiO 2 nanoparticles [28] .
Plane Heterostructures.
The typical planar heterojunction structure of the perovskite solar cells is shown in Figure 4 (b). The main difference from the mesoscopic structure is that the planar structure removes the porous metal oxide framework. Two interfaces are formed between the perovskite materials and the two layers (the electron transport layer and the hole transport layer). Therefore, the electronhole pairs are separated rapidly and effectively by the electron transport layer and hole transport layer, respectively. The studies on perovskite solar cells with a planar heterojunction structure contribute to the understanding of the mechanisms of light absorption and electron-hole separation and enhance the flexibility of device optimization for the development of highly efficient laminated perovskite solar cells. Snaith's group reported a FTO/TiO 2 /MAPbI 2 Cl/spiro-OMeTAD/Ag planar heterojunction structure of perovskite solar cells and reached a PCE of 1.8% [23] . Thereafter, the group prepared a series of solar cells with the planar structure, which achieved a maximum PCE of 15.7%, a oc of 1.03 V and a FF of 0.749 under optimized process conditions [29, 30] .
Zhou et al. realized higher electron mobility by using yttrium-doped TiO 2 as the electron transport material and modified the ITO to reduce the working function, which is favoured to inject the electrons from TiO 2 to the ITO electrode. The open-circuit voltage and short-circuit current of the device were greatly improved and the PCE was as high as 19.3% [31] . Malinkiewicz et al. prepared MAPbI 3 perovskite solar cells by using poly(3,4-ethylenedioxythiophene): polystyrene sulfonate (PEDOT:PSS) to replace the conventional dense TiO 2 film and achieved a PCE of 12% [32] . This kind of structure is an inverted planar heterostructure Journal of Nanomaterials 5 and has the potential for preparing flexible perovskite solar cells.
Advances in Perovskite Solar Cells

Perovskite Light-Absorbing Layer.
Among all the components of perovskite solar cells, the perovskite materials play a core role in light absorption and photoelectric conversion. Perovskite compositions with single ions occupying each of the A-, B-and X-sites (e.g., MAPbI 3 and FAPbI 3 ) are denoted as "simple perovskites" and have been intensively studied. In fact, as shown in Figure 1 (b), following pure MAPbI 3 , the subsequent five NREL records with publicly disclosed information used A-and/or X-site mixed hybrid perovskites. The optimization of materials and structures is one of the keys to improving the photoelectric conversion efficiency. Table 1 shows some representative devices and their architectures and performance.
Mixed X Halide Anions.
It has been reported that the electronic structure of perovskite MAPbX 3 is related to the p orbit of X and Pb. The band gap of MAPbX 3 can be controlled by adjusting the p orbit of mixed X halide anions so as to absorb visible light under solar radiation [56] [57] [58] . The photovoltaic properties of mixed MAPbI 3− Br were first demonstrated by Noh et al. and the efficiency reached 12.3% [59] . In the work by Noh et al., a lower Br content (<10%) yielded the highest initial efficiency due to the narrow band gap, but the higher Br content (>20%) achieved a good highhumidity shelf-life stability (RH 55% for 20 days). Noh et al. believed that the good stability is closely correlated to the transformation from a tetragonal phase to a pseudocubic phase due to the incorporation of the smaller ionic radius of Br − and, consequently, led to a more compact and tightly bound structure with a higher tolerance factor. The close accumulation of perovskite structure, to a certain extent, prevented the degradation of CH 3 NH 3 + [59] . Jeon et al. achieved a best PCE of 18.4% in perovskite solar cells using (FAPbI 3 ) 1− (MAPbBr 3 ) ( = 0-0.3) as a light-absorbing layer through the solvent engineering method, which allowed the deposition of uniform and dense perovskite films [50] .
By combining first-principles total-energy calculations with statistical mechanical treatments, Brivio et al. reported the two most stable configurations corresponding to ordered structures of MAPbIBr 2 and MAPbI 1/2 Br 5/2 . Both structures are layered superlattices along the [001] direction. The halogen ions locate at the corners of Pb-X octahedron, and the iodine ions locate at the top and/or bottom sites of each octahedron. These two ordered structures provide the structural freedom to separate the Pb-I (longer) and Pb-Br (shorter) interatomic separation along distinct directions, so that the internal strain is minimized and the architecture is most stable [60] .
MAPbI 3− Cl is a perovskite structure formed by doping Cl atoms with partially substituted I atoms and it is one of the most extensively studied binary mixed perovskites. In 2013, Stranks et al. indicated that the diffusion length of electrons and holes in MAPbI 3− Cl was greater than 1 m and that Cl doping improved the stability and conductivity of perovskite materials [61, 62] . Docampo et al. prepared MAPbI 3− Cl films using a two-step dipping method for application in perovskite solar cells and achieved a light current density of 22 mA cm −2 and a PCE of 15.41% [63] . The lifetime for photo-induced electrons reached 300 ns and the initial absorption edge for light absorption was improved. Based on the first-principles calculation, Mosconi et al. reported that the aggregation of Cl ions at the perovskite/ETM interface enhanced the binding energy between the MAPbI 3− Cl (110) crystal surface and the TiO 2 interface. Furthermore, the contact between the MAPbI 3− Cl perovskite and the TiO 2 adjusted the electronic structure of the interface and an electron tunnelling effect was generated, thus improving the stability in air and the conductivity for perovskite materials [64] .
As a more complex ternary halide, the triple-halidemixed MAPb(I/Br/Cl) 3 system has seldom been reported. Similar to that discussed above, Cl also affected the device performance by improving the carrier absorptivity. Meanwhile, Br was observed to strongly influence the band gap of the MAPb(I/Br/Cl) 3 system and, consequently, increased the open-circuit voltage [65] . In addition, Br incorporation was reported to stabilize the crystal lattice thus improving the lifetime of the device [66] . 
Mixed A-Site Cations.
In the cubic perovskite structure, it is generally believed that the energy band structure of perovskite can be adjusted within a certain range by changing the size of the A-site ions. A larger (e.g., FA + = 0.19-0.22 nm) or smaller (e.g., Cs + = 0.167 nm, Rb + = 0.152 nm) cation causes the lattice to expand or contract, thus changing the B-X bond length, which has been shown to influence the band gap [68, 69] . Pellet et al. reported the first mixed A-cation and described the band gap tunability of (MA) (FA) 1− PbI 3 -based solar cells by varying the ratio of MA + to FA + and showed that the composition of (MA) 0.6 (FA) 0.4 PbI 3 resulted in the highest PCE of 14.52% with the absorption edge extending to ∼810 nm [70] . Lee et al. prepared FAPbI 3 /MAPbI 3 films with stacked structures by ion exchange, extended the absorption range of the long-wave spectrum, and reported a current density of 20.22 mA cm −2 and the best PCE of 16.01% [44] . Among the optimized MA + /FA + ratios, it was found that (MA) 0.6 (FA) 0.4 PbI 3 resulted in the highest PCE of 18.3% [71] .
It is known that inorganic materials usually exhibit higher stability than organic materials. Therefore, the design of replacing the organic cations with inorganic monovalent cations in the perovskite structure was put forward. [73] . Recently, the Rb + cation, which has an even smaller ionic radius (0.152 nm) than Cs + (0.181 nm), has also received wide attention because it can further enhance both the efficiency and stability of Rb-mixed perovskite solar cells. Park et al. studied the (FA/Rb)PbI 3 system using the same Rb quantity ( ≤ 0.05) and, respectively, achieved PCEs of 16.15% and 16.2% [74, 75] . More importantly, the significantly enhanced stability against moisture at 85% RH of Rb-mixed perovskites was highlighted.
In order to further improved the stability of the perovskite solar cells, introducing all-inorganic perovskites into photovoltaic devices was proposed, owing to their superior stability, especially at high temperature. Swarnkar et al. prepared stable CsPbI 3 quantum dots and films, which exhibited good stability when exposed the films into the ambient atmosphere for 60 days and showed a PCE up to 10.77% and a oc of 1.23 V in perovskite solar cells [52] . Kulbak et al. reported CsPbBr 3 perovskite solar cells with a PCE of 5.95% and compared the thermal stability of the CsPbBr 3 and MAPbBr 3 , confirming that the CsPbBr 3 can endure much higher temperature of up to 580 ∘ C and displayed a higher stability during two weeks [76] . Although the works mentioned above displayed the high stability for solar devices, the structures still contained organic HTM. Jin et al. reported the design of all-inorganic perovskite solar cell devices, in which the organic HTM and metal electrode were completely eliminated and a layer of carbon electrode was coated on the CsPbBr 3 layer [51] . The entire fabrication process of the all-inorganic PSCs can be operated in ambient environment without humidity control. The PSCs presented a PCE of 6.7% when it was illuminated and showed no performance degradation even in humid air (90-95%, RH, 25 ∘ C) without encapsulation for over 3 months. Combining the good stability of CsPbBr 3 and the small band gap of CsPbI 3 , the halide mixed all-inorganic perovskites of CsPb(I 1− Br ) 3 were proposed [53, 54, 77, 78] [84] . Marshall et al. described the inorganic perovskite materials of CsSnI 3 and indicated that the addition of SnCl 2 in the light-absorbing layer was the most significant for improving the stability and could not reduce the energy-conversion efficiency [85] . In addition, the studies on replacing Pb by Ge and/or Bi indicated that the low energy-conversion efficiency was ascribed to the solubility and carrier recombination of perovskite materials [86, 87] . [88] . It was proposed that when MABr is incorporated into alloys with FAPbI 3 , the lattice size is reduced, and the strain forces are relaxed. In this way, the pseudocubic -phase is stabilized at room temperature and even in humid air. The studies on ternary and quaternary mixed cation systems of (Cs/FA/MA)Pb(I/Br) and (Rb/Cs/FA/MA)Pb(I/Br) generally focused on the design of multicomponent perovskites to achieve a stable, single, pure phase that can enable the creation of stable structures with optimal transport and even higher PCEs [46, 89, 90] .
Simultaneous Mixed
Electron Transport Layer.
The basic function of the electron transport layer is to form an electron-selective contact with the perovskite light-absorbing layer to improve the extraction efficiency of photo-generated electrons and to effectively prevent the hole from migrating to the counterelectrode so as to enhance the carrier's separation effect and to reduce the recombination. At present, TiO 2 , which has a wide band gap, has been widely studied as an effective electron transport material. In addition, ZnO and other n-type semiconductor materials are often used as electron transport layers and are employed in flexible perovskite solar cells. Many studies on electron transport materials focus on the effects of different n-type semiconductor materials and structures on the power conversion efficiency [91] [92] [93] [94] . The basis for the selection of electron transport materials is as follows. Firstly, the n-type semiconductors with the higher carrier mobility are recommended. Secondly, the material should be transparent to visible light due to a relatively wide band gap. Thirdly, the preparation conditions should be mild and the material can be obtained at low temperatures. Fourthly, the band structure should match the perovskite materials. In fact, the electron transport layer formed by different systems and structures can achieve high power conversion efficiency, indicating that the selection of commonly used electron transport materials is not the main factor that restricts the power conversion efficiency of solar cells [95] .
In addition, an organic electron transport layer is being developed. Docampo et al. found that the ability of PCBM (one of the fullerene derivatives, [6, 6] -phenyl-C61-butyric acid methyl ester) and PFN (poly[9,9-dioctylfluorene-9,9-bis(N,N-dimethylpropyl)fluorene]) to collect electrons was better than that of inorganic TiO 2 in inverted solar cells. Perovskite solar cells were prepared with PCBM as the electron transport layer and PEDOT:PSS as the hole transport layer and such cells achieved a PCE of 9.8% [96] .
Hole Transport Layer.
The main role of the hole transport layer is to collect and transport holes from the perovskite light-absorbing layer to promote the separation of the electron-hole pairs in the perovskite materials through cooperating with the electron transport layer. In hole transport materials, the highest occupied molecular orbit (HOMO) must match the valence band of perovskite materials for hole transport. According to the chemical composition, hole transport materials in perovskite solar cells can be divided into two types: organic and inorganic hole transport materials. Spiro-OMeTAD is the most commonly used organic hole transport material, which shows good penetration in nanoscale perovskite and is a good match with the valence band energy of perovskite, although its hole mobility is not as high as that of other organic hole transport materials. Some scholars [97] doped a p-type composite (i.e., cobalt compounds) or some additives (i.e., bis(trifluoromethane) sulfonimide lithium, LiTFSI, and 4-tert-butyl pyridine, TBP) into organic materials to improve the hole mobility. Compared with the organic small-molecule materials, polymer hole transporting materials have attracted more and more attention due to their better film-forming ability and higher hole mobility. PTAA (poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine]) is commonly used as the hole transport material because its hole mobility is one to two orders of magnitude higher than that of other hole transport materials. Jeon et al. prepared MAPbI 3 perovskite solar cells using PTAA as the hole transport material and obtained the highest PCE of 16.2% and a short-circuit current of 21.3 mA cm −2 [98] . Other polymer hole transport materials include P3HT, PEDOT:PSS, PCDTBT, and PCPDTBT. Zhang et al. studied the role of P3HT in perovskite solar cells and indicated that the presence of P3HT can reduce the resistance from the hole transfer impedance and thus improve the stability and performance of the devices [99] . PEDOT:PSS is commonly used in photovoltaic devices with flexible substrates because it is easy to form films in solution [100] .
Compared with organic hole transport materials, inorganic p-type semiconductor materials show the potential to replace organic hole transport materials due to their advantages, which include high hole mobility, wide band gap, and simple solvent treatment process. Many inorganic hole transport materials have been reported, such as CuI, NiO, CsSnI 3 , and CuSCN. The conductivity of CuI is better than that of Spiro-OMeTAD and thus CuI effectively improves the filling factor of the device and is a powerful competitor to Spiro-OMeTAD [101] . Seo et al. prepared perovskite solar cells based on MAPbI 3 and achieved a PCE of 16.4% with an undoped NiO ultrathin film as the hole transport layer by atomic layer deposition [102] . The work function and the hole concentration increased remarkably due to the overlap of the Debye length in NiO ultrathin films. Qin et al. reported that the PCE of the device reached 12.4% and the shortcircuit current was greatly increased with CuSCN as the hole transport material due to its higher hole mobility than that of Spiro-OMeTAD (0.01-0.1 cm 2 /V⋅s for CuSCN and 4 × 10 −5 cm 2 /V⋅s for Spiro-OMeTAD) [103] . In addition, Zhang et al. reported a perovskite solar cell using nanoscale CuGaO 2 and achieved a PCE of 18.51%, which was one of the highest efficiencies among all perovskite solar cells using inorganic HTM. More importantly, it was found the employment of CuGaO 2 significantly improved the long-term stability of perovskite solar cells. The PCE of CuGaO 2 -based device maintains the major performance up to 30d under ambient environment (30%-55% humidity, = 25 ∘ C) [41] .
Solar Cells without the Hole Transport Layer.
Recently, perovskite solar cells without the hole transport material have become an important research direction and such solar cells show great potential due to their advantages of simple structure, easy preparation process and high stability. In HTM-free perovskite solar cells, perovskite materials are used simultaneously as light absorbers and hole transport channels. The results obtained by Minemoto and Murata, who used a device simulation method, showed that the lack of hole transport layers did not affect the built-in electric field when the work function of metal electrodes was close to the maximum valence band of light-absorbing materials [104] . In contrast, the built-in electric field decreased rapidly when the work function was below the peak of the valence band, thus leading to a reduction of the device's opencircuit voltage and the photoelectric conversion efficiency. Therefore, the work function of the metal electrodes is an important factor in the HTM-free perovskite solar cells. Shi et al. assembled HTM-free FTO/TiO 2 /MAPbI 3 /Au solar cells with the best PCE of 10.49% and oc of 905 mV [40] . The Schottky contact between the perovskite semiconductor and the metal electrode was suppressed by introducing an ultrathin Al 2 O 3 film between the perovskite and Au electrode, thus improving the performance of the devices [105] . In Reprinted with permission from [107] .
addition, the energy band mismatch between absorbers and electrodes could be significantly reduced by replacing the traditional Au electrode by back contact materials with a high work function. Subodh et al. prepared HTM-free solar cells by replacing the metal electrodes with laminated carbon nanotube networks as the hole-collecting layers and achieved a PCE of 6.87% [106] . The theoretical simulation results by Wang et al. showed that the appropriate thickness of the absorbing layer and p-type doping were beneficial to the efficiency of the HTM-free perovskite solar cells. According to Wang's theoretical calculation, the PEC of perovskite solar cells without the hole transmission layer is expected to exceed 17% after structural optimization [105] .
Preparation Methods of the Perovskite Light-Absorbing Layer
The synthesis methods of the light-absorbing layer of perovskite solar cells can be roughly divided into three types: the solution method, the vapour-deposition method, and the vapour-assisted solution method. The solution method is simple and economical, but more internal defects will be produced in synthetic crystals and the hole transport layer is in direct contact with the electron transport layer, thus reducing the device's filling factor and the open-circuit voltage. The perovskite films prepared by the vapour-deposition method show a high surface density and fewer defects, which improve the filling factor and the open-circuit voltage. However, this method requires a high-vacuum environment and involves high energy consumption. The vapour-assisted solution method integrates the advantages of the solution method and the evaporation method. At a lower vacuum, the perovskite materials with fewer internal defects can be synthesized. Figure 5 illustrates the different deposition methods for perovskite layer. Table 2 shows a comparison of the common fabrication techniques of perovskite layer.
Solution Method.
The solution synthesis methods of perovskite materials can be divided into one-and two-step methods according to the number of deposition steps. The one-step synthesis of the perovskite light-absorbing layer is described briefly below. PbX 2 and MAX are dissolved in solvents at a certain stoichiometric ratio to form a precursor solution, which is then directly spin-coated on a TiO 2 substrate and dried at a suitable temperature and atmosphere to obtain the light-absorbing perovskite layer. The crystal quality and properties of the perovskite layer are closely related to the solvent used, annealing temperature, and annealing time [94, 108] . The one-step deposition method is simple, but it is not easy to control the morphology and size of the synthetic crystals. A two-step sequential deposition method was first proposed by Liang et al. [109] . In this method, a saturated methanol solution of PbI 2 is used as the precursor solution for the spin-coating on the TiO 2 substrate. And then, the PbI 2 -coated substrate is immersed in a 2-propanol solution containing MAI for suitable time and then rinsed with 2-propanol. After drying at a suitable temperature, the PbI 2 reacts with MAI and the perovskite layer is synthesized. The [22] . Compared with the onestep solution method, the two-step method is beneficial to the fabrication of perovskite films under the relatively high humidity, where the relative humidity less than 60% was hard to affect the overall performance [110] . [6, 16, 30] . However, the method requires high temperature to evaporate the solid PbI 2 into vapor. The method has high requirements for equipment and may produce toxic gases. The drawbacks of the synthesis of the perovskite layer could be avoided if a new metal halide with low evaporation temperature and low toxicity can be developed and selected to replace PbI 2 .
Vapour-Deposition
Similar to the two-step solution process, a modified vapour-deposition method, named "sequential vapour deposition," was proposed, in which PbX 2 was first deposited by thermal evaporation followed by vapour deposition of MAX. This sequential deposition was developed because of the difficulty in monitoring the MAI deposition rate in the codeposition process. The photovoltaic performance of the devices prepared by the sequential deposition was found to depend significantly on the substrate temperature. Chen et al. reported that the devices based on MAPbI 3 perovskite thin films prepared by the sequential vapourdeposition method exhibited a PCE of 15.4% [42] . Forgács et al. reported a perovskite/perovskite tandem solar cell fabricated by sequential vapour deposition and delivered a maximum PCE of 18%, thus highlighting the potential of sequentially deposited multilayer structures to improve the efficiency of single-junction perovskite devices [111] .
Vapour-Assisted Solution Method.
The vapour-assisted solution method is a relatively economical synthesis method of high-quality light-absorbing perovskite layers. It was developed to avoid the drawbacks of the solution method and the vapour-deposition method. The process of the vapour-assisted solution method can be outlined as below. PbX 2 is deposited on FTO glass covered with TiO 2 by the solution method and then MAPbX 3 grains grow by in situ reaction in MAX vapour at 120-165 ∘ C in a nitrogen atmosphere for 2-4 h. Chen et al. first reported perovskite films with microscale grain sizes, low surface roughness, and complete surface coverage by using the vapour-assisted solution method [112] . They applied the films in the planar heterojunction perovskite solar cells and measured an average PCE of 12.1% with high reproducibility. However, in the vapour-assisted solution method, the PbX 2 films at the bottom cannot react completely with the MAX vapour, thus increasing the internal resistance and decreasing the output power of the perovskite cells.
Among the above-mentioned preparation methods, the development of preparation methods aims to obtain compact perovskite films with high purity, few defects, and high coverage. The essential purpose of the research into these preparation methods is to improve the electrical contact between different layers, to reduce the defect density and the carrier loss during transmission, and to achieve a high power conversion efficiency.
Summary and Outlook
In this paper, we review the advances in the recent developments, as well as the fundamentals and basic structures of the perovskite solar cells. The versatility in the fabrication techniques of the perovskite light-absorbing layer, which include the solution-deposition method, vapour-deposition method, and the vapour-assisted solution method, is attractive and such methods are also discussed.
Perovskite solar cells have developed rapidly, but some critical factors may restrict the development of perovskite solar cells. Firstly, the stability of the organic lead halide perovskite is greatly affected by external environmental factors (such as humidity, temperature, and ultraviolet radiation), which lead to the low stability of the devices and the great difficulties in encapsulating cells in the later stage. Therefore, the development of a high-stability device composition, including the light-absorbing layer, electron/hole transport layer, and electrode materials, as well as the development of a simple and effective device-packaging method, will be of great significance to promote the practicability of such devices [113] . Secondly, the hole transporting material SpiroOMeTAD used in perovskite solar cells is expensive (10 times the market price of gold) and its synthesis process is complex. Therefore, it is necessary to design and synthesize new hole transport materials to promote commercial applications of perovskite solar cells. Thirdly, it is difficult to deposit a large area of continuous perovskite film with the traditional methods described above and so other methods should be improved to prepare high-quality and large-area perovskite solar cells for commercial production in the future. Fourthly, the Pb element employed in perovskite solar cells is highly toxic, which will hinder the industrial promotion and development of perovskite solar cells. Therefore, it is necessary to find a low-toxicity or nontoxic ingredient to replace Pb in the future. Fifthly, there is a lack of deep understanding of the microscopic physics mechanism of perovskite solar cells. Therefore, it is necessary to establish a complete theoretical model to explain the reasons for the increase in the conversion efficiency. Theoretical studies will not only help to further improve the performance of perovskite solar cells but also provide ideas to develop simpler and/or more efficient new materials and structures. In a word, all the above issues need to be addressed before making full application of the perovskite solar cells technology.
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